Previous phylogeographic studies of the lion (Panthera leo) have offered increased insight into the 34 distribution of genetic diversity, as well as a revised taxonomy which now distinguishes between a 35 northern (Panthera leo leo) and a southern (Panthera leo melanochaita) subspecies. However, 36 existing whole range phylogeographic studies on lions focused on mitochondrial DNA and/or a 37 limited set of microsatellites. The geographic extent of genetic lineages and their phylogenetic 38 relationships remain uncertain, clouded by incomplete lineage sorting and sex-biased dispersal. 39
past bottlenecks [13, 17] , it is impossible to reliably infer the evolutionary relationship between 77 African and Asiatic populations from these type of data. Nevertheless, these newly described 78 evolutionary relationships led to a review of the taxonomic split between the African and Asiatic 79 subspecies, resulting in a revision of the taxonomy which now recognizes a northern subspecies 80 (Panthera leo leo) and a southern subspecies (Panthera leo melanochaita) [18] . 81 82 However, the approaches used in the studies mentioned above have a number of limitations. For 83 example, mtDNA cannot identify admixture and represents only a single locus, potentially 84 misrepresenting phylogenetic relationships due to the stochastic nature of the coalescent [19, 20] . In 85 addition, sex-biased dispersal and gene flow will alter patterns derived from mitochondrial versus 86 nuclear data. Female lions exhibit strong philopatry whereas male lions are capable dispersers [21, 87 22] , indicating that phylogeographic patterns based on mtDNA in lions may overestimate divergence 88 between populations. Inference of phylogenetic relationships from microsatellite data, on the other 89 hand, is problematic due to their high variability and their mutation pattern. Finally, most studies 90 mentioned above were limited by sparse coverage of populations, notably in West and Central 91 Africa. In particular, FIV Ple prevalence is geographically restricted. Additional data from genome-wide 92 markers, covering more lion populations and different conservation units, are necessary to overcome 93 these restrictions. This will improve our understanding of the spatial distribution of diversity in the 94 lion, as well as help guide future conservation efforts. 95 96 Here, we describe the discovery and phylogenetic analysis of genome-wide SNPs based on whole 97 genomes and complete mitogenomes of ten lions, providing a comprehensive overview of the 98 intraspecific genomic diversity. We further developed a SNP panel consisting of a subset of the 99 discovered SNPs, which was then used for genotyping >200 samples from 14 lion range states, 100
representing almost the entire current distribution of the lion. This resolves phylogeographic breaks 101 at a finer spatial resolution, and may serve as a reference dataset for future studies. Finally, we 102 discuss the applications and future directions of high-throughput genotyping for wildlife research and 103 conservation that, hopefully, will contribute to future studies on lion genomics. 104 105
Materials & Methods 106
Sampling 107
Blood or tissue samples of ten lions, representing the main phylogeographic groups as identified in 108 previous studies [7, 10, [13] [14] [15] (Figure 1 : map, Supplemental Table 1 ), were collected and preserved 109 in a buffer solution (0.15 M NaCl, 0.05 M Tris-HCl, 0.001 M EDTA, pH = 7.5) at -20°C. All individuals 110 included were either free-ranging lions or captive lions with proper documentation of their breeding 111 history and with no known occurrences of hybridization between aforementioned lineages. A sample 112 from a leopard (Panthera pardus orientalis, captive) was included as an outgroup. The tiger genome 113
[23] was used as a reference for mapping of the lion and leopard reads. All samples were collected in 114 full compliance with specific legally required permits (CITES and permits related to national 115 legislation in the countries of origin). Details on laboratory protocols, sequencing, assembly, SNP 116 calling, and quality control are given in Supplemental Information 1. 117 118
Whole genome data and complete mitogenomes 119
Identified SNPs were attributed to a chromosome following the genomic architecture in the tiger [23] 120 (Supplemental Table 2 ). For the nuclear SNPs, we applied 5 levels of filtering, in which we included 1) 121 all SNPs, 2) SNPs called in at least three samples, 3) SNPs called in at least five samples, 4) SNPs called 122 in at least eight samples, and 5) SNPs called in all samples (Supplemental Table 2 In order to obtain better insight into the geographic locations of phylogeographic breaks, we made a 141 selection of SNPs for inclusion in a SNP panel for genotyping more samples. We used the following 142 criteria for the selection process heterozygote genotype present among the ten genotyped lions, otherwise both alleles identified. In 148 addition, we included a total of 14 mitochondrial SNPs selected to represent each major branch 149 within the mitochondrial phylogenetic tree (as described in [15]), as well as the distinction between 150 the northern and the southern subspecies is represented by two SNPs. The selected mtDNA SNPs had 151 already been assessed in a wide range of populations [15], making it more likely that the selected 152
SNPs are diagnostic throughout the lion range. Finally, we ensured that the SNPs were not located in 153 any of the nuclear copies (numts) which are known to exist in cats [34] [35] [36] [37] [38] . After test runs and 7 quality control (see Supplemental Information 1), we retained 125 nuclear SNPs and 14 mtDNA SNPs 155 which were used for genotyping 211 lions of known origin from 14 lion range states, representing the 156 entire geographic range of the species (Figure 1 The level of heterozygosity was assessed for each individual for which the whole genome had been 182 sequenced, ignoring ambiguous nucleotides (i.e. positions which were not scored due to insufficient 183 quality or coverage). SNP panel results were included if several individuals from the same population 184 had been included. Results were then compared to known levels of heterozygosity based on earlier 185 studies using microsatellite data from the same populations [12, 14] . 186 [74] . Phylogenetic trees, based on 98,952 nuclear SNPs (left) and 16,756 bp mitogenomes (right) for 10 lions which were subjected to whole genome sequencing (bottom). Support values indicate posterior probabilities (MrBayes), bootstrap support from SVDquartets and bootstrap support from Garli. All methods agreed on overall topology, with the exception of the southern branch in the nuDNA SNP tree. Topologies are indicated per method, and each split is maximally supported, with the exception of the Zambia2+Namibia branch in the Garli tree, which received a bootstrap support of 96. Z1: Zambia1, Z2: Zambia2, N: Namibia, R: RSA.
Sequencing 188
The sequencing runs yielded a total of 6.5·10 8 reads. Following quality control, a total of 5.9·10 8 reads 189 (94.4%) were retained for subsequent alignment (Supplemental Table 1 
Heterozygosity 240
Comparisons of levels of heterozygosity to previously published data [12, 14] (Supplemental Table 5 ) 241
show that ranking between SNP data and microsatellite data is roughly congruent. However, for the 242 estimates based on whole genome data, levels of heterozygosity are likely to be underestimated in 243 the samples with low coverage (notably Benin and RSA). 
Whole genome data and complete mitogenomes 255
Although genome-wide SNPs can be a powerful marker, ascertainment bias as a result of the study's 256 design is a concern [44]. To reflect the full diversity of the species, it is necessary to base the SNP 257 discovery on samples representing all lineages. MtDNA has proven to be a useful genetic marker for 258 gaining insight into phylogeographic patterns, partly because of its shorter coalescence time 259 compared to nuclear markers. However, this may lead to 'oversplitting', reflecting fully coalesced 260 groups based on mtDNA data, but incomplete lineage sorting of nuclear DNA (nuDNA) alleles. 261
Different types of markers used in lion phylogeographic studies show largely congruent results with 262 some local discrepancies (e.g. widespread East/Southern Africa haplogroup not recovered from 263 nuDNA data [14] , admixture in Kruger area [15, 45] ). Together, they provide useful criteria for 264 selecting populations to be subjected to whole genome sequencing. 265
266
Based on the whole genome data, we explored different levels of missing data, balancing the number 267 of SNPs and the number of samples with an accepted call at a given position. As a higher number of 268 SNPs represents a denser sampling of the coalescent (e.g. see [46] ), presented trees are based on 269
SNPs which were present in at least 50% of the samples. Increasing the number of SNPs (and 270 therefore also the amount of missing data), did not change the topology or support of the 271 phylogenetic trees. Simulation studies and studies on empirical data have shown that concatenated 272 SNP data are able to produce reliable trees reflecting the true topology, as long as enough genes are 273 sampled [47, 48] . The underlying assumption is that there is enough phylogenetic signal in the data, 274 and that discordant coalescent histories will effectively cancel each other out when all histories are 275 considered together. The conclusion that our concatenated phylogenetic trees (MrBayes and Garli) 276 produce reliable topologies is supported by the fact that observed patterns are congruent with 277 results of SVDquartets, which does assume multi-locus unlinked data. An exception is the topology 278
for Southern Africa where patterns of differentiation are likely to be affected by continuous gene described mitochondrial trees [7, 15] with similar discordances as found in microsatellite datasets 281 [14] . Notably, the wide-spread haplogroup labeled as East/Southern Africa (Supplemental Table 4 , 282
[15]), stretching from Kenya to Namibia, is not recovered from microsatellite or SNP data [14] (this 283 study). The previously mentioned dichotomy between the northern subspecies, Panthera leo leo, and 284 the southern subspecies Panthera leo melanochaita, is also supported by the assignment values of 285 sNMF. The putative hybrid character of the individual from Benin is likely the result from the 286 substantial amount of missing data, and does not reflect its evolutionary origin or admixture. 287
288

SNP panel data 289
The whole genome sequencing of ten individuals allowed identification of variable positions in the 290 lion. Based on the ten whole genomes, we generated a SNP panel of 125 nuclear and 14 291 mitochondrial SNPs which allows cost-effective genotyping of larger numbers of samples. As part of 292 quality control, i.e. to ensure reliable SNP callings, we explored different concentrations of the 293 starting amount of DNA and the effect of using a Whole Genome Amplification (WGA) kit. In 294 addition, we included a number of samples which were known to be of lower quality DNA (older, 295 degraded samples). We observed an increase in missing values for samples of lower quality or 296 quantity of DNA, however, we never observed changes in the called genotype (allelic drop-out). This 297 illustrates that the SNP panel is producing reliable results, although the sensitivity of downstream 298 analyses with high numbers of missing values needs to be taken into account. 299
300
The SNP panel was tested on 211 samples from across the range of the lion, with a special focus on 301 the region where the ranges of the northern and southern subspecies overlap, i.e. Ethiopia and 302
Kenya. This region is known to harbor haplotypes from strongly diverged lineages [15], and 303 microsatellite data have suggested admixture [14] . Our results assign all tested lions to one of the 304 four identified clusters: West & Central Africa, India (the two clades of the northern subspecies, leo melanochaita). Main regions of admixture are Ethiopia and Zambia, which was also found using 307 microsatellite data [12, 14] . The high assignment values to West and Central Africa within the Kenyan 308 population are likely to be an artefact of missing data in these individuals; this pattern disappears 309 after repeating the run with only individuals with >75% called SNP data (Supplemental Figure 2) . 310
However, as lions from the northern part of Kenya are thought to represent a different evolutionary 311 lineage, some admixture between lineages is plausible and merits further research. It must be noted 312 that when K=2 the result is a split that resembles the distinction between the northern and the 313 southern subspecies, however, due to the very low diversity in the Asiatic population, assignment 314 values are driven to ~1 in the Asiatic lions. Samples from West and Central Africa are largely assigned 315 to the northern cluster, however they also show assignment to the cluster representing the southern 316 subspecies. We wish to emphasize that this does not indicate region-wide hybridization between the 317 two subspecies, nor does it imply that the populations with the highest assignment values constitute 318 ancestral populations. Rather, this result is driven by the extremely low genetic diversity in the 319 Asiatic population, comparable to the Africa/Asia split which is found based on STRUCTURE analysis 320 or PCA of microsatellite data [14] . It is well known that STRUCTURE is sensitive to groups of closely 321 haplotype not previously documented from this country): Ethiopia13 -West African haplotype, haplotype. However, it must be noted that all of these individuals have >35% missing nuDNA data 333 (with Kenya49, Tanzania1, RSA10 and Namibia2 even missing >50% nuDNA data). In addition, 334
Ethiopia26, RSA10 and Namibia2 also have >20% missing data in the mitochondrial SNPs, and 335 therefore results should be interpreted with caution. may not have lasted long enough for coalescence in autosomal markers [14, 15] . In addition, 357 dispersal in lions is male-biased [21, 22] , which may explain the more discrete phylogeorgaphic pattern found in mtDNA data. This is reflected by the fact that we do not retrieve a North East Africa 359 cluster or a South West Africa cluster based on nuclear SNPs, even though they are represented by 360 diverged mitochondrial haplotypes. Interestingly, the discrepancy in population structure between 361 nuclear and mitochondrial markers in East and Southern Africa, where a wide-spread mitochondrial 362 haplogroup occurs from Kenya to Namibia and nuclear markers suggest a phylogeographic break 363 around Zambia and Mozambique, is identical to the discrepancy found in giraffe 
